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Abstract

Understanding the characteristics and conditions that make non-indigenous species (NIS) successful at
establishing in recipient communities is a key in determining their potential impacts on native species, as
well as to improve management actions such as prevention of future invasions. The round goby (Neogobius
melanostomus) is one of the most widespread non-indigenous fish species in the Northern Hemisphere, in-
cluding the coastal zones of the Baltic Sea. The impacts of round goby in the Baltic Sea are pronounced and
multifaceted, yet our knowledge regarding the underlying assembly processes determining its establishment
is limited. To overcome this knowledge gap, we applied a trait-based approach to assess the degree of niche
overlap and functional (trait) similarity between round goby and native fish species in coastal areas from
the Baltic Sea, based on the functional distinctiveness metric. Our results show that round goby is generally
quite similar (or not dissimilar) to the native fish of the regional species pool, at least in terms of its overall
trait composition. Conversely, round goby demonstrates pronounced differences compared to the native
community in its display of parental care and territorial behaviour. Such differences in individual traits could
play an important role in round goby’s invasion success in the Baltic Sea, including its interactions with na-
tive species (e.g. competition). Our results and their potential implications may be highly relevant for con-
servation and management if integrated within existing risk assessment tools for biological invasions in order
to prioritise and enhance the effectiveness of preventative actions towards the expansion of round goby.
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Introduction

The introduction and spread of non-indigenous species (NIS) constitute a major threat
to global biodiversity, ecosystems and their associated services (Bax et al. 2003; Mil-
lennium Ecosystem Assessment (Program) 2005; IPBES 2023). In marine ecosystems,
the spread of NIS has increased during the last decades, largely due to increased global
marine transport (Vitousek et al. 1996; Rilov and Crooks 2009). On a global scale, the
impacts of such introductions are negative and may interact in a synergistic or additive
way with other anthropogenic impacts (Anton et al. 2019; Geraldi et al. 2020). Yet,
at local spatial scales, the effects of NIS can be highly diverse and context-dependent
and even include neutral or positive effects (Katsanevakis et al. 2014; Viana et al. 2019;
Vivé-Pons et al. 2020).

Before having an impact on native communities, NIS need to be successfully es-
tablished in the recipient area with self-sustaining populations (Blackburn et al. 2011).
The establishment depends on several community assembly processes (Gallien et al.
2015; Kraft et al. 2015; Montanyes et al. 2023) related to both abiotic and biotic
factors. In communities heavily influenced by abiotic factors, species are expected to
be functionally alike, with a common set of traits to be able to cope with the environ-
mental conditions (Zobel 1997). Conversely, in communities mainly shaped by biotic
factors, such as competition (i.e. limiting similarity), species tend to be functionally
dissimilar or occupy more specialised niches (Gallien et al. 2014). Despite the con-
ceptual understanding of NIS and the role of community assembly rules affecting
their establishment, our empirical insight regarding the degree of niche overlap (i.e.
functional similarity/dissimilarity) of NIS and native species is limited (Gallien and
Carboni 2017), especially in marine ecosystems. For instance, it is debated whether
NIS generally display similar or dissimilar traits compared to native species of recipient
communities (Gallien and Carboni 2017) and to what degree the similarity or dissimi-
larity of NIS may affect their invasion success. Previous studies suggest that NIS both
can establish by being functionally similar to natives (Cleland 2011; El-Barougy et al.
2020) or by being dissimilar to natives (Ricotta et al. 2010; Escoriza and Ruhi 2016;
Mathakutha et al. 2019; Steger et al. 2022; Xu et al. 2022). Thus, disentangling the
different assembly processes shaping communities and the niche overlap between NIS
and native species’ niches is fundamental to better understand biological invasions and
their associated impacts on native communities and ecosystems (Ricciardi et al. 2013).

The Baltic Sea is one of the largest brackish water bodies in the world, demon-
strating a pronounced north-south salinity gradient from fully marine- to almost
freshwater conditions in the northern parts (Voipio 1981; HELCOM 2018). Due
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to shipping and man-made waterways, the Baltic Sea contains 173 recorded NIS,
many of which display self-sustaining populations (Leppikoski et al. 2002; Ojaveer
et al. 2010, 2017; Reusch et al. 2018; ICES 2022a) and whose introduction events
have become more pronounced in recent decades (HELCOM 2023). The suscepti-
bility of the Baltic Sea to the introduction and establishment of NIS is likely due
to a combination of anthropogenic disturbances (e.g. eutrophication, pollution, in-
tensive fishing and climate change), as well as the naturally low biodiversity and its
brackish water conditions, allowing NIS of both marine and limnetic origin to settle
and establish (Paavola et al. 2005; Ojaveer et al. 2010; Olenin et al. 2017; Reusch
etal. 2018).

The round goby (Neogobius melanostomus), originally from the Ponto-Caspian
area, is one of the most widespread invasive fish species in the Northern Hemisphere
(Kornis et al. 2012; ICES 2022b). In the Baltic Sea, it was first detected in the Gulf of
Gdansk in 1990 (Skéra and Stolarski 1993) and has since then established and spread
in most coastal zones of the region (ICES 2022b), where secondary spread has likely
been aided by shipping (Azour et al. 2015; Kotta et al. 2016). The invasion success of
this species has been manifested by rapid population growth in recent years (Kruze et
al. 2023), with densities occasionally reaching 20 individuals/m* (Puntila-Dodd et al.
2018). Round goby feeds on a wide range of prey (Schwartzbach et al. 2020; van Deurs
et al. 2021; Wallin-Kihlberg et al. 2023), displays aggressive behaviour (Dubs and
Corkum 1996, Balshine et al. 2005, Ericsson et al. 2021), is tolerant to a wide range
of temperatures and salinities (Behrens et al. 2017, 2022; Christensen et al. 2021)
and has a high reproductive turnover rate (Jude 1997). Although the overall impacts
of its establishment are deemed ecosystem- and context-specific (Hirsch et al. 2016),
it has been shown to decimate local invertebrate populations (van Deurs et al. 2021;
Noéomaa et al. 2022), compete with native species for prey (Karlson et al. 2007; Ska-
beikis et al. 2019; Ericsson et al. 2021) and create new energetic pathways (Almqvist
etal. 2010). Thus, the impacts of round goby on Baltic Sea food webs and habitats are
pronounced and multifaceted, yet our knowledge regarding the underlying assembly
mechanisms and processes determining its establishment is still limited.

Trait-based approaches provide a mechanistic way to address key aspects of bio-
logical invasions (Violle et al. 2007; Belmaker et al. 2013; Quell et al. 2021 Steger et
al. 2022 Vivé-Pons et al. 2023). This is because traits of NIS may highlight potential
interactions and niche overlap with native species and also contribute to the under-
standing of community assembly processes determining NIS establishment. In this
study, we use a trait-based approach to investigate the degree of niche overlap and
functional distinctiveness of round goby relative to native fish species in the recipient
communities using the Baltic Sea as a case study. We aimed to address the following
questions: i) Is round goby functionally distinct or similar compared to the regional
pool of native species? ii) Which traits make round goby more or less distinct? iii) To
what extent is the distinctiveness of round goby at the local scale influenced by abiotic
and biotic factors?
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Materials and methods

Data collection

Monitoring data of coastal fish communities where round goby is present was obtained
from the Swedish national and regional coastal fish monitoring programme as regis-
tered in the national coastal fish database - KUL (https://www.slu.se/kul). The data
were extracted for 14 locations sampled between 2008-2021, covering from the south-
western Baltic Sea (Stavstensudde) to the Bothnian Sea (Givlebukten; Fig. 1). Two
gear types, Nordic coastal multi-mesh monitoring gillnets and sets of nets, were used
in the selected monitoring locations. The Nordic nets consist of nine panels of different
mesh-sizes (10, 12, 15, 19, 24, 30, 38, 48 and 60 mm centre knot-to-centre knot), are
1.8 m deep and 50 m long. The sets of nets consist of a number of linked mono-mesh
gillnets with mesh sizes between 21-60 mm centre knot-to-centre knot (HELCOM
2019). In Ménsteras, Simpevarp, Muské and Ving, between four and six stations were
fished over three to six nights within the same week every year with the sets of nets. In
the rest of the monitoring locations, between 35 and 50 fixed stations were fished with
Nordic nets during one night per year, within the same week every year. Those stations
are distributed according to depth-stratified design covering 0-3, 3-6, 6-10 and 10—
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20 m depths (HELCOM 2019). Both types of gears used are set at the bottom of the
coastal area. All catches were registered as numbers of individuals per species per length
class (1 cm). Thereafter, the total weight per species (g) was transformed into weight
per unit effort (WPUE). As not all fish were weighed during the monitoring, weight-
length relationships were used to estimate the species weight if missing. It is important
to note that the gears used are not the most optimal to catch round gobies or other
demersal species with a more sedentary behaviour. Hence, the derived relative biomass
(WPUE) of round goby compared to the native species is likely underestimated. To
avoid inclusion of sporadically occurring species, we only included those species rep-
resenting 99.5% of the total species occurrences in the data, resulting in a total of 27
species. We separated the total initial weight identified as Platichthys flesus in our data,
based on observed proportions between P flesus and P, solemdali, a recently discovered
cryptic species of flounder (Momigliano et al. 2018; Florin et. al. unpublished data).

Trait data collection

In order to represent the general ecology of the species, a total of 11 categorical traits
were selected, with 37 different trait modalities: habitat switching, parental care, ter-
ritorial behaviour, diet, temperature preference, development mode, pharyngeal bones,
habitat, fin type, body type and length class (Table 1). The classification and selection
of traits builds on previous trait-based descriptions of marine organisms aiming to
represent their behaviour, feeding, reproductive or survival strategies (Litchman and
Klausmeier 2008; Tornroos and Bonsdorff 2012; Litchman et al. 2013). Similar cri-
teria for trait selection have been adopted in recent studies of marine fish community
structure and changes (e.g. Dencker et al. (2017); Pecuchet et al. (2017); Beukhof
et al. (2019a, 2019b)). Trait information was obtained from online trait data por-
tals like FishBase (https://www.fishbase.org.au/v4), scientific and grey literature and,
when needed, supplemented by expert knowledge, following the same procedure as
in Tornroos et al. (2015, 2019). Traits where species display a single modality (e.g.
territorial behaviour, fin type, body type) were treated as categorical. For multi-choice
nominal traits, where species can display multiple modalities (e.g. diet), each modality
was scored between 0 and 1 representing the probability of being displayed by a given
species (Suppl. material 1: table S1). For example, a species feeding mainly on benthic
prey, but that occasionally feeds on other fishes, could receive a score of 0.8 for the
modality “benthivorous” and 0.2 for the modality “piscivorous”. Otherwise, if a species
feeds equally on benthic and fish prey, it would be scored 0.5 for each modality.

Functional distinctiveness between round goby and native species

To assess the degree of (trait) niche overlap between round goby and native species,
we used the functional distinctiveness index (D), weighted by species biomass. The
functional distinctiveness index is defined as the mean functional distance of a single
species to all other species present in a given community (Violle et al. 2017):
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N
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D; = (Equation I)
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where d is the functional distance between species 7 and j, /V accounts for the number
of spec1es in the community and Ab, accounts for the relative importance (i.e. relative
WPUE) of species j. A high D value indicates that a species is functionally distinct
compared to the other species in the community (Violle et al. 2017).

We computed the functional distance between each pair of species (4,) given
by Gower’s general coefficient of similarity (Gower 1971). This d1551m11ar1ty metric
represents functional distances by giving equal weights between traits coded in dif-
ferent format (i.e. numerical, categorical or ordinal; Pavoine et al. (2009)). We are
aware that mixing continuous with categorical, dummy or fuzzy-coded traits could
result in a bias in the computed dissimilarities, due to an unbalanced contribution
of traits coded in non-continuous formats (de Bello et al. 2021). However, in our
analysis, we do not have any continuous traits (Table 1; Suppl. material 1: table S2)
and, therefore, this potential issue is not directly applicable to our study. In any
case, to avoid bias due to one or a few traits having a disproportional effect on D,
we used an integrated process testing for multiple combinations of traits to compute
the functional distances between species, obtaining a single distances matrix for each
possible combination of traits (Coulon et al. 2023; Vivé-Pons et al. 2023). The re-
sulting matrices obtained from all the possible trait combinations were summarised
into a mean functional distance matrix for each pair of species present in the regional
pool. From this overall mean functional distances matrix, we computed functional
distinctiveness for all species, including round goby, both at a regional and local
spatial scale with the corresponding regional or the different local species pools. To
weight distinctiveness at a regional scale we obtained a unique value representing
the overall relative WPUE of each species from 2009 to 2021, in order to cover the
whole invasion process of round goby from the initial occurrence in the region to its
subsequent spread. At a local scale, round goby’s distinctiveness was weighted using
the exact relative WPUE at each unique sampling event, i.e. within each sampled
community. The functional distances were computed with the function “compute_
dist_matrix” from the “funrar” package (Grenié et al. 2017) in R software, version
4.1.0 (R Core Team 2021).

In order to investigate if round goby was more or less distinct than the other spe-
cies in the regional pool, we compared the value of functional distinctiveness of round
goby relative to the values for all native species in the data set. Furthermore, to assess
and compare the degree of niche overlap in trait space between round goby and the na-
tive species, we performed a Principal Coordinate Analysis (PCoA) on the overall pair-
wise dissimilarity matrix for the regional species pool (Belmaker et al. 2013; Vivé-Pons
et al. 2023). Subsequently, we classified the species as dissimilar or similar, based on
their distinctiveness value by grouping them into quartiles. The first quartile accounted
for the functionally common species, while the fourth quartile accounts for the most
functionally distinct species with higher values of distinctiveness.



Exploring how functionally distinct round goby is in the Baltic Sea 167

Table I. List of included traits and modalities, the number and percentage of species displaying each

modality and the explanation of each modality. Modalities in bold are displayed by round goby.

Traits Nature of Categories (n = 37) N species having Frequency (% of species Explanation
the trait that category ~ having that category)
Diet Multichoice Benthivorous 18 46.22 Feeding mainly on benthic
nominal invertebrates as adults
Planktivorous 7 16.59 Feeding mainly on plankton
as adules
Generalist 7 21.59 Feeding on the other categories
as well as on detritus, algae etc.
as adules
Piscivorous 8 15.56 Feeding mainly on fishes as
adults
Habitat Categorical Demersal 16 59.26 Living and feeding on or near
the bottom as adults
Benthopelagic 7 25.93 Living and feeding near the
bottom as well as in mid-waters
or near the surface as adults
Pelagic 4 14.81 Living and feeding in the open
water throughout ontogeny
Fin type Categorical Emarginated 5 18.52 Caudal fin with a rather sharp
and straight end with an indent
in the middle
Forked 12 44.44 Caudal fin with the indent
deeper than in emarginated fins
Absent 1 3.70
Rounded 8 29.63 Caudal fin evenly rounded and
convex
Truncated 1 3.70 Caudal fin with a rather sharp
edge that can be flat, square
or straight
Body type Categorical Deep 6 22.22 Body is compressed from
the sides
Elongated 8 29.63 Body is rather long and slender
Flat 2 7.41 Body is flat (depressed) with
eyes on the same side
Normal 11 40.74 Body is proportional and
neither compressed nor
depressed
Development Categorical ~Scattered 4 14.81 Eggs are scattered on the
mode bottom
Viviparous 1 3.70 Eggs receive nourishment from
the female during development
and hatch inside the body of
the female
Ovoviviparous 1 3.70 Eggs do not receive
nourishment from the female
during development
Pelagic 2 7.41 Eggs float frecly in the
water column
Adherent 17 62.96 Eggs adhere to a substrate in
a layer
Mass clump 2 7.41 Eggs adhere to each other,
forming a clump
Length class Ordinal 0-10 cm 2 7.41
(maximum length 10-20 cm 11 40.74
according to 21-30 cm 7 25.93
FishBase) 31-40 cm 2 7.41
41-50 cm 5 18.52
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Traits Nature of Categories (n = 37) N species having Frequency (% of species Explanation
the trait that category having that category)
Temperature Categorical Cold 9 33.33
preference Warm 18 66.67
Territorial Categorical Yes 8 29.63 The species holds and defends
behaviour a territory or has a very narrow

home range, usually related to
spawning, but not necessarily

No 19 70.37
Parental care Categorical Yes 8 29.63 The species exhibits some
sort of parental care, for
example, carries or guards the
eggs/young
No 19 70.37
Habitat switching Categorical Yes 21 77.78 The species switches habitat
due to spawning, feeding
migration or winter migration
No 6 22.22
Pharyngeal bones Categorical Yes 16 59.26 The species has pharyngeal
bones or branchial tooth plates
No 11 40.74

Key traits affecting distinctiveness

To assess the effect and relative importance of each trait on functional distinctiveness,
we calculated the difference between the distinctiveness values for each species based
on all traits (Di, T) and the values when each individual trait was removed from the
analysis (Di, T-t). We then divided the difference by regional distinctiveness, including
all traits (Di, T) as follows:

Effect of trait, on D; = % X 100 (Equation II)

LT

Drivers of round goby functional distinctiveness

In order to reflect the key environmental conditions affecting the local distinctiveness
of round goby at each sampling site, we compiled data of bottom salinity, temperature
and depth, measured in situ as part of the fish monitoring programme. For some loca-
tions, bottom salinity and temperature data were incomplete, hence we complemented
the monitoring programme data with data derived from the ice-ocean model NEMO-
Nordic (based on NEMO-3.6, Nucleus for European Modelling of the Ocean; https://
doi.org/10.48670/moi-00013) from Copernicus Marine Service (https://marine.co-
pernicus.eu/). Before completing the available in-situ data with model-derived data,
we compared values of available environmental variables derived from both sources.
This sensitivity test showed a high correlation for both bottom temperature (r = 0.75)
and salinity (r = 0.77) (Suppl. material 1: fig. S1). Therefore, we decided to use both
in-situ data and modelled data for sampling events lacking such information. In ad-
dition, we also obtained the model derived data on dissolved oxygen and chlorophyll
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a for each location at the corresponding sampling date. We used distance to the open
sea as a proxy for coastal exposure, extracted by using the “cost distance” function in
ArcGIS Pro (see Erlandsson et al. (2021) for details). Then, to estimate the effect of
biotic drivers acting on local distinctiveness we further estimated species richness and
evenness per location, based on WPUE. All variables had a variance inflation factor of
< 2, indicating a lack of multicollinearity between predictors.

To determine how the local functional distinctiveness of round goby was affected
by the selected environmental and biotic variables at each sampling event, we applied
a multi-model approach using both Generalised Additive Mixed Models (GAMMys)
and Random Forests (RFs). This allows for comparison of the derived response curves
and variable importance to assess robustness and sensitivity of results to model choice

(Lindegren et al. 2020, 2022). For the GAMM, we applied the following model:

Round goby D, = a + s(Bottom oxygen, ) + s(Bottom salinity,) + s(Bottom
temperature, ) + 5(Deptb/’r) + s(Chlorophyll, ) + s(Exposure, ) + J(Richness[,t) +
s(Evenness,) + d(Location x Time step) + e(Gear) + €

where the response variable D is the distinctiveness for the round goby at each sam-
pling location /at a specific time z The parameter « is the intercept, s is the thin plate
smooth function for each of the covariates and € the error term. To account for the
potential effect of repeating measures within the same area, we also included a random
effect d for each sampled location at a certain time (i.e. “Location x Time step” in
the formula). The inclusion of this random effect in the model served to account for
possible variation in distinctiveness between locations due to their different stages of
invasion. Finally, ¢ accounts for the random effects of the different gears used during
the sampling. The degrees of freedom of the spline smoother function (s) were con-
strained to three knots (# = 3) to allow for non-linearities, but restricting its flexibility
on the model fitting. Since D ranges between 0 and 1, the model was fitted with a
beta-regression distribution (Ferrari and Cribari-Neto 2004).

Random forest (RF) is a machine-learning tool comprising ensembles of decision
trees that rely on bootstrap aggregation (Breiman 2001). It is capable of producing
complex non-linear shapes in single and multiple dimensions, while accounting for
interaction amongst all predictors. Random subsets of the data are selected to train in-
dividual classification trees within the random forest, whilst the final forest prediction
is obtained by averaging predictions across all individual trees. The same response and
explanatory variables were used as in the GAMM formulation above. Here, we used
the final RF to estimate the relative importance of each predictor (based on 1000 indi-
vidual trees) to compare it with the importance estimated with GAMMs. In addition,
we applied RF to visualise the partial response curves of each explanatory variable.

To evaluate the predictive accuracy of the fitcted models between methods, we also
performed a formal cross-validation analysis by fitting the same model with a ran-
domly sampled subset of the data (75% of the total observations) and predicting round
goby distinctiveness with the remaining 25% of observations that were not used to fit
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the models. The cross-validation was repeated 100 times, selecting a new random sub-
set of observations in each iteration for model training and testing. Subsequently, we
assessed the range of uncertainty of the predictions (i.e. mean squared error) and the
range of explained variance for both methods. All statistical analyses were conducted
using the R software, version 4.1.0 (R Core Team 2021) and using the package “mgcv”
(Wood 2017) and “randomForest” (Liaw and Wiener 2002).

Results

Functional relationship between round goby and natives

Amongst all species, Eurasian perch (Perca fluviatilis) was the most abundant taxa in
the monitoring data in terms of weight, representing 24% of the total biomass, fol-
lowed by common roach (Rutilus rutilus; 14.8%) and Atlantic cod (Gadhus morhua;
8.3%), while round goby represented only 1.04% of the total biomass (Suppl. material
1: table S3). The estimated functional distinctiveness values (D) for the regional species
pool ranged from 0.33 (Gymnocephalus cernuus) to 0.62 (Nerophis ophidion). Round
goby had a distinctiveness value of 0.49, which is slightly higher than the median D
of the fish community (0.44; Fig. 2). This makes round goby the ninth most distinct

Neogobius melanostomus (0)

Triglopsis quadricornis (2)

Gasterosteus aculeatus (3)

0.25 0.50 0.75

|
|
|
|
111 Gobius niger (1)
|
|
| Taurulus bubalis (4)
|

Platichtys flesus (5)

Platichtys solemdali (6)

Functional distinctiveness (D)

Figure 2. Position of round goby and its six most functionally similar species along the distribution of
WPUE-weighted distinctiveness values from the regional species pool. The black vertical line indicates the
median value of distinctiveness for the whole community. The highlighted species are ordered according
to their values of distinctiveness. The numbers on top of them only indicate the corresponding names.
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species out of all 27 species in the dataset. However, round goby was less distinct than
four of the six species to which it is most functionally similar (Fig. 2; Suppl. mate-
rial 1: table S3).

The first two axes of the PCoA of functional distances (trait space) explained
35.1% and 23.2% of the total variability between species, respectively. Round goby
was located closer to the most functionally distinct species (defined by the 4™ quartile)
in the trait space (Fig. 3A). Functionally distinct species were generally defined by
displaying some of the following trait modalities: being demersal, strictly benthivorous
with rounded fins, having pharyngeal bones, laying eggs in clumps, displaying territo-
rial behaviour and parental care or with no capacity of habitat switching (Fig. 3B, C).
In contrast, the most functionally common species (defined by the first quartile) were
mostly defined by showing a strictly generalist diet, laying adherent eggs, having forked
fins and displaying neither parental care nor showing territorial behaviour (Fig. 3B, C).
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Figure 3. Community trait space given by a PCOA of functional distances between all species (A). The
green dot and drawing indicate the position of round goby. Red dots indicate the position of species clas-
sified as being the most distinct, while blue dots define species classified as most similar compared to the
rest of the community. Names in bold indicate the position of the most functionally similar species to
round goby B biplot of trait vectors and loadings showing which traits are influencing the position of each
species in the PCOA € zoom of the central part of the biplot.
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Key traits affecting round goby distinctiveness

Amongst the set of traits considered, displaying parental care had the highest influence
on round goby distinctiveness, with a relative increase of 7.33% in D values when
including this trait. This positive effect of parental care was closely followed by hav-
ing an elongated body type (7.26%), a rounded fin (6.61%) and territorial behaviour
(6.40%; Fig. 4). Having a benthivorous diet showed the most negative effect on round
goby distinctiveness (-10.28%; Fig. 4), indicating that this trait modality is shared by
many species and make round goby less distinct compared to the native community.
The influence of each trait on the whole fish community distinctiveness demon-
strated that body shape and fin type had the highest median positive effect (5% and
4.73%), while diet showed the most negative effect (-6.86%; Fig. 4). The positive
effects of parental care and territorial behaviour on round goby distinctiveness stand
out when compared with the other species, as the median overall effect for these two
traits was negative amongst the native species (-6.47% and -5.15%, respectively).
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Figure 4. Effect of traits on species functional distinctiveness, shown as the percentage change in overall dis-
tinctiveness if excluding each individual trait in the calculations. Results are shown when using either the whole
species pool with the green dots representing the effect of each trait on round goby functional distinctiveness.
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These values rank round goby as the 2" species in the regional pool with the highest
increase in distinctiveness when including parental care and the 4" when including
territorial behaviour.

Spatial patterns and drivers of round goby distinctiveness

Distinctiveness values for round goby at each location were highly variable, with the high-
est mean value found in Hanébukten (0.64) and the lowest mean distinctiveness in Her-
rvik (0.44). In 7 out of 14 locations, the mean distinctiveness of round goby was higher
than the overall value when compared to the regional fish community (Fig. 5A). Regard-
ing the change in distinctiveness over time, some variation between and within locations
was observed; however, no major changes within locations were detected (Fig. 5B).
From the selected set of potential abiotic and biotic drivers, species richness and
evenness, depth, coastal exposure, bottom temperature and oxygen showed significant
effects on round goby distinctiveness in the fitted GAMM (Table 2). The relative im-
portance of predictors was similar across across GAMM and RE showing only slight
differences in the order and position of the most important variables (Suppl. material
1: table S4). The partial response curves were also highly similar across methods (Fig.
6). Both species richness and evenness demonstrated a negative non-linear relationship
with round goby local distinctiveness (Fig. 6A, B). For species richness, the relation-
ship displayed a U-shaped curve in the GAMM, probably due to the lack of observa-
tions from very species rich areas, but a more marked non-linear decrease in the RFs
(Fig. 6B). In the case of species evenness, the relationship was dome-shaped, more
clearly depicted in the GAMM (Fig. 6A), with the highest distinctiveness observed
at evenness values of ~ 0.5. For the abiotic variables, bottom temperature and coastal
exposure also showed dome-shaped relationships, with the highest values of round
goby distinctiveness found in moderately exposed areas at temperatures ranging from
~7.5t012.5 °C (Fig. 6D, F). Although the relationship with bottom oxygen was also

@ Gévlebukten
@ Musko

@ Braviken
@ Askofjarden
@ Karrfjarden
@ Vino

@ Herrvik

@ Simpevarp
@ Monsteras
® Torsas
Karlskrona
Torhamn
Handbuktens
Stavstensudde

sseuaARoUlsIq

02 04 06 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Distinctiveness Year

Figure 5. Distribution of round goby local distinctiveness at each sampling site (A) and over time (B).
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Table 2. Results of the GAMM models for round goby local functional distinctiveness. Edf refers to
estimated degrees of freedom; significant effects are highlighted in black.

Variables edf Chi squared p-value  Rsquared Deviance explained N
Eveness 1.803 9.768 0.015 *
Richness 1.923 25.361 <0.001 o
Depth 1.001 7.621 0.006 >
Bottom temperature 1.906 18.323 <0.001 e
Bottom salinity 1.000 0.370 0.543
Bottom oxygen 1.000 4.994 0.025 *
Chlorophyll 1.004 0.918 0.342
Exposure 1.927 22.167 <0.001 ox
Location x Time step (1%) 1.331 2.314 0.205
Location x Time step (2"%) 1.812 15.147 0.017 *
Location x Time step (3") 9.695 198.967 <0.001 HoHx
Gear 0.889 93.769 <0.001 e

0.498 51.7% 762
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Figure 6. Partial effect curves derived from the models fitted with both GAMM and Random Forest.
Only the variables that had a significant effect in GAMMs are shown. The yellow line and ribbon rep-
resent the partial curve and the standard deviation derived from the GAMM. The blue and black lines
represent the partial effect curve and the corresponding variability derived from the Random Forest.

negative, the trend was linear in the GAMM and dome-shaped for RF, with the high-
est local distinctiveness values around - 220 to 260 mmol/m?® (Fig. 6E). Conversely,
depth showed a positive linear relationship with round goby's local distinctiveness in
the GAMM and a positive non-linear relationship in RF (Fig. 6C).

Finally, both methods showed similar values of explained variance (i.e. 51.7%
for GAMM and 53.8% for RF). The cross-validation analysis demonstrated a better
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overall performance for RE, illustrated by lower mean squared error of predicted round
goby distinctiveness compared to observation not used for model training (Suppl. ma-

terial 1: fig. S2).

Discussion

The degree to which NIS display similar or dissimilar traits compared to native spe-
cies of recipient communities is debated largely due to contrasting results from avail-
able studies, primarily conducted in terrestrial ecosystems (Cleland 2011; Escoriza and
Ruhi 2016; Xu et al. 2022). Consequently, a better understanding of the trait (niche)
overlap amongst native species and NIS, as well as the underlying assembly processes
that determine their establishment is needed (Gallien et al. 2014; Gallien and Carboni
2017), especially in marine environments. Our trait-based study focusing on round
goby, one of the most widespread invasive fish species in the Northern Hemisphere
(Kornis et al. 2012; ICES 2022b) demonstrated that this non-native fish is not par-
ticularly distinct in terms of its overall trait composition compared to the native species
pool of the Baltic Sea coastal fish community. Although occupying a seemingly isolated
position in the community trait space, it does share combination of traits with several
other ecologically similar native species, such as black goby (Gobius niger), longspined
bullhead (7aurulus bubalis) and fourhorn sculpin (7riglopsis quadricornis).

Although round goby is not generally different from the regional pool of native
species in terms of its overall trait composition, we observed notable differences in
terms of individual trait modalities, primarily by display of territorial behaviour and
parental care. This indicates that native species generally display a reproductive strategy
that does not involve defending a territory, nor protecting their offspring. More specifi-
cally, round goby males display several types of parental care, including egg inspection,
ventilation and nest guarding (Kornis et al. 2012). Egg inspection and ventilation are
beneficial for egg survival as they can limit the spread of diseases within the nest, pre-
vent accumulation of sediment and increase the flow of oxygenated water over the eggs
(Jones and Reynolds 1999; Meunier et al. 2009). Males can show different types of
aggressive behaviour when guarding the nest, such as strength displays, attacking in-
truders or chasing away potential predators (Wickett and Corkum 1998; Meunier et al.
2009). The expression of male parental care is strongly related to territoriality, especially
in sequentially polygynous spawners (mating with multiple females), like round goby
(Ah-King et al. 2005). No offspring need to be present to spark aggressive behaviour,
as the males can act in a similar way when they defend their territory or shelter from
other fishes (Dubs and Corkum 1996; Balshine et al. 2005). Displaying aggression can
provide an adaptive advantages, for example, in the protection of offspring or competi-
tion for resources, potentially increasing the invasion success of NIS (Chapple et al.
2012). In terms of offspring protection, less aggressive fishes could be easily expelled in
a nest intrusion situation (Dubs and Corkum 1996; Balshine et al. 2005). Aggressive
territorial defence could also help round goby in securing and protecting good feeding
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grounds (Karlson et al. 2007) or even deter potential predators, as being aggressive
has been recognised as anti-predator behaviour (Huntingford 1976; Hess et al. 2016).
Thus, it is possible that the display of territorial behaviour and parental care by round
goby could partly explain its invasion success in the Baltic Sea (Christensen et al. 2021;
Puntila-Dodd et al. 2021; Backstrom and Winkelmann 2022; Behrens et al. 2022).
Our findings support the idea that NIS might be successfully established by only differ-
ing from natives in terms of one or a few traits, allowing them to cope with existing en-
vironmental conditions while, at the same time, colonise more specific or partly vacant
niches (Cleland 2011; Gallien et al. 2014; Cadotte et al. 2018; El-Barougy et al. 2020).

While generally similar to native species at the regional scale, our study demon-
strates pronounced spatio-temporal variation in terms of local distinctiveness of round
goby between and within sampling locations over time. The wide range of values (i.e.
from < 0.2 to > 0.6) indicates that round goby can locally co-exist with native species
that are either functionally similar or different to itself, reflecting its broad environ-
mental tolerance (Behrens et al. 2017, 2022; Christensen et al. 2021). In terms of the
environmental drivers potentially explaining the variation in local distinctiveness, both
our methods indicate that round goby appears to be more distinct in colder and deeper
monitoring locations with low oxygen and an intermediate level of exposure. These
areas are typically inhabited during the winter months following a seasonal offshore-
onshore migration (Behrens et al. 2022). The colder, offshore areas in the Baltic Sea
are primarily dominated by more marine species, such as Atlantic cod, herring (Clupea
harengus), sprat (Sprattus sprattus) or eelpout (Zoarces viviparus) (Olsson et al. 2012;
HELCOM 2018; Olsson 2019). These species are generally dissimilar compared to
round goby, as they are located almost in an opposite position in the community
trait space. In contrast, round goby is functionally more similar to native species in
the warmer, shallow and less exposed monitoring locations that are mainly occupied
by, for instance, European perch, several species of cyprinids, sticklebacks (Gaster-
osteidae) and other gobies (Gobiidae) (Olsson et al. 2012; HELCOM 2018). Notably,
the three-spined stickleback (Gasterosteus aculeatus) and black goby (Gobius niger) are
two of the six most functionally similar species to round goby, with black goby having
fairly similar ecology and habitat requirements (Matern et al. 2021).

The ability to colonise a broad range of habitats and therefore co-exist with differ-
ent pools of native species with different trait composition may help explain the derived
relationships with the biotic variables included in our statistical analysis. For instance, the
negative effect of species richness likely reflects the higher local distinctiveness of round
goby when co-occurring with the fewer and functionally more dissimilar marine species
from colder and deeper locations. Contrarily, when found together with the more spe-
cies from the native community at more shallow and warmer locations, the likelihood of
round goby co-occurring with more functionally similar species is higher, thus explaining
its lower local level of distinctiveness at higher richness. This is likely facilitated also by the
strong relationship between species and functional richness in the Baltic Sea region (Térn-
roos et al. 2015; Pecuchet et al. 2016). In terms of evenness, it is assumed that most eco-
logical niches are occupied when species abundances are evenly distributed (Hillebrand et
al. 2008). Conversely, highly uneven communities tend to be dominated by the best per-
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formers under local environmental conditions that can outcompete functionally-similar
species (Hillebrand et al. 2008). The highest local distinctiveness of round goby at low to
moderate evenness may indicate a situation where round goby needs to both display simi-
lar traits to be able to adapt to the local environment (i.e. environmental filtering), but
also being dissimilar (i.e. in this case, territoriality and parental care) relative to the most
dominant native species in order to avoid competitive exclusion (Gallien et al. 2014).

In summary, the application of this trait-based approach to the case of round goby
in the Baltic Sea shows a partial (trait) niche overlap with native fish species that ap-
pears to increase locally when round goby occurs with communities from shallow,
inshore and warmer areas. Despite this partial overlap with native species, we also
demonstrated that round goby shows pronounced differences compared to the native
community in its display of parental care and territorial behaviour. Such differences
could play an important underlying role behind round goby’s invasion success in the
Baltic, as well as in defining the type of interactions with native species. Based on
our results, non-aggressive native species that partially share their niche with round
goby might be harmed or displaced in the case of direct competition with this NIS
for similar resources (e.g. feeding grounds, sheltered areas, nesting sites). Due to the
context dependence (i.e. the species and traits selected) of this study, caution should
be taken when expanding our conclusions to different scenarios of round goby inva-
sion. For that reason, we encourage the use of similar trait-based approaches, based on
functional distinctiveness to further address the invasion of round goby in other areas,
with a different environment and species composition (e.g. the North-American Great
Lakes or central European rivers). If similar patterns emerge, this would contribute to
the understanding of why this species has managed to successfully establish in such
different regions, as well as a better understanding if round goby shows similar inter-
actions with native fishes in other areas. Additionally, investigating how round goby
dominance could be affected when it co-exists with more similar or dissimilar native
species in local communities could also be valuable to define the niche or conditions
that this species needs to become invasive (Blackburn et al. 2011). Such an approach
could potentially be used to assess the sensitivity of particular areas to the invasion
and address potential impacts of round goby on other native fishes (e.g. displacement,
competition, facilitation), by combining its environmental preferences with the type
of community where round goby appears to be more dominant. Our results and their
potential applications may, therefore, be highly relevant if integrated within existing
risk assessment tools for biological invasions (Lodge et al. 2016) in order to prioritise
and enhance management and conservation actions towards the round goby.
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